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One-dimensionality in glassy carbon
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A negative T ~2 dependence of a component of the electrical conductivity, indicative of one-
dimensional transport, was found in glassy carbon heat treated at temperatures less than 2200'C. The mi-

crostructure, as examined in lattice images in the transmission electron microscope, the Porod-law depen-
dence obtained in small-angle scattering, and the decrease in the do02-spacing interlayer as measured by x-

ray diffraction (above this critical temperature) support this thesis.

There has been increased interest in the electrical conduc-
tivity of solids restricted to less than three dimensions, as in
thin wires, ' thin sheets such as MOSFET (metal-oxide-
semiconductor field-effect transistor) channels, s '0 and
some organometallic materials. '» 2 %e bel&eve that we have
found an example of one-dimensional conductivity in glassy
carbon. Our results empirically agree with theory and the
case of one-dimensionality is supported by the observed mi-
crostructure.

Glassy carbon, "a prototype nongraphitizing bulk carbon,
is prepared by thermally decomposing a thermosetting resin,
typically a mixture of phenol formaldehyde and furfuryl al-
cohol. The as received material has been given a final 1-h
processing at 1000'C in inert atmosphere. It was heat treat-
ed further for 3 h in a graphite furnace under an inert gas at
temperatures ranging from 1200 to 2700'C. Specimens
were ground, polished to uniform thickness, and ultrasoni-
cally cut into a four-probe bar configuration. Electrical con-
ductivity measurements were made under isothermal condi-
tions at temperatures from 3 to 300 K.

The results can be divided into two classes according to
the behavior of the low-temperature conductivity. For high
heat treatment temperatures, greater than about 2200'C,
the conductivity decreases with temperature to a shallow
minimum [Fig. 1(a)]. Of more interest in this Brief Report,
for low heat treatment temperatures the conductivity contin-
ues to decrease more rapidly with decreasing temperature,
as shown in Fig. 1(b).

Saxena and Bragg'~ were the first to formulate an empiri-
cal expression for the electrical conductivity of glassy carbon
in the heat treatment temperature range of interest. In the
present study, ' the conductivity o as a function of mea-
surement temperature T is written as

cr=A +Bexp( —CT '~4) -DT 'I'

~here D is a diffusion coefficient related to the mean free
path and A is the cross-sectional area. Such a —T '~2

dependence for a component of the electrical conductivity
indicates the possibility of one-dimensional transport in
glassy carbon. To examine the plausibility of' this thesis, the
microstructure is briefly reviewed to establish that glassy
carbon is a highly interconnected network of filaments or
laths on a minute scale.

The microstructure of glass carbon is descended from that
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an inelastic scattering event takes place (trapping by a local-
ized state), and thus diffusion of the carriers is limited by
the inelastic scattering time. In the electron interaction ap-
proach, the effective number of carriers is affected by the
correlation between the shift of potential energy and the
broadening of the momentum distribution of the carriers
themselves as scaled by the physical dimensions. Both
mechanisms may be operating simultaneously.

The interaction approach has been used to predict a
correction in one dimension
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~here the first term is attributed to strongly scattering me-
tallic conductivity independent of temperature and the
second term to variable range hopping. Both terms have no
strong dependence on the heat treatment temperature. The
last and new term is a low-temperature correction term to
the metallic conductivity and, as shown in Fig. 2, is only im-
portant for heat treatment temperatures less than about
2200'C.

Kaveh and Mott'6 have reviewed two approaches to a
correction of the metallic conductivity. They are the locali-
zation approach by Abrahams et al. " and the electron in-
teraction approach by Altshuler, Aronov, and Lee. »8 In the
localization approach, the carrier is allowed to diffuse until
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FIG. 1. Electrical conductivity of glassy carbon heat treated at (a)
2550 and (b) 1200'C. The solid lines are calculated fitted hnes
from the empirical equation o. A +Bexp( —CT ~~~) —DT
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FIG. 2. One-dimensional electrical conductivity component
parameter D of glassy carbon as a function of heat treatment tem-
perature (HTT).

of its polymer precursors. X-ray diffraction line profiles for
glassy carbon are extremely diffuse, yielding only the 002,
hk band and 004 peaks associated with turbostratic carbons
and are dominated by small angle scattering. Studies'
show that the apparent crystallite dimensions in the basal
plane and normal to it increase with heat treatment tem-
perature and time from about 34 and 12 A, respectively, for
the as-received material, but corrections for strain and other
factors are expected to increase these values substantial-

ly. ' ' " Also, the interlayer spacing for the 002 plane
remains constant at 3.44 A and does not begin to decrease
toward the 3.35 A of graphite until temperatures above
2000'C are reached. ' "

Small-angle scattering in glassy carbon is so large due to
the very large number of very small microvoids (33 vol. '/0)

that it has been adopted as a standard calibration material
for small-angle scattering apparatuses. These voids have
been analyzed through the use of the Guinier approxima-
tion'6 to yield radii of gyration in the range of 5-20 A
(Refs. 27 —30) depending upon heat treatment temperature
and time. The Porod law" is obeyed in glassy carbon heat
treated above about 2000'C, that is, the intensity at rela-
tively large scattering vectors (h =47rsin8/X) is proportion-

al to h 4. The specific surface area of glassy carbon has
been determined by this method to be 700-1100 m'/cm',
again as a function of heat treatment temperature and
time. "' In glassy carbon heat treated below 2000'C, a
positive deviation from the Porod law is observed and be-
comes greater for lower heat treatment temperatures. '"
These positive deviations have a number of causes, among
them anisotropic density fluctuations within the scattering
medium, and have been detected in a number of carbons
and polymers. " "

The microstructure, as lattice imaged in transmission elec-
tron microscopy using (002) planes, is shown in Fig. 3 for a
representative set of heat treatment temperatures. For
2700'C [Fig. 3(a)], ribbons or laths of the order of 15
planes thick (50 A) and greater than 170 A long are im-

aged. In Fig. 3(b), for 2250'C material, the laths are only
about a third as coarse. Figure 3(c) is an image of 1800 'C
glassy carbon, where only the beginnings of the coherent
lath structure observed for higher temperatures are present.
The "amorphous" phase perhaps suggests linear fibers, but
no conclusions can be made about its structure, except that
its features are probably finer than for any of the laths ob-
served. Attempts to lattice image lower-temperature heat
treated glassy carbon failed due to lack of contrast and
coherence.

Other changes are that the weight loss during heat treat-
ment about 2000'C becomes constant ( =I wt. %) (Ref.
38) and that the Hall effect becomes positive. "

Low-temperature heat treated glassy carbon is a labyrinth
of carbon chains or ribbons of near polymeric chain dimen-
sions, which would mean a few tens of square angstroms
cross section and several tens or hundreds of angstroms
between crosslinks. Consequently, evaluation of a single fi-
lament in this highly interconnected network is difficult,
even if any confluence or filament proximity effects are ig-
nored. The assumption was made that in this complex
heterogeneous material the temperature dependence of a
component of the electrical conductivity should be reflected
in a simple parallel element expression.

The relevant length for the localization approach is the
inelastic scattering length. From the strongly scattering me-
tallic term of the electrical conductivity, ' the mean free
path has been estimated to be 15 A, and should be approxi-
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FIG. 3. Transmission electron microscope 002 lattice images under identical conditions of glassy carbon heated at (a) 2700, (b)
2250, and (c) 1800'C. The fringes imaged have a 3.4-A spacing. The microscope work is by courtesy of Dr. Ron Gronsky.
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mately the inelastic scattering length. As shown above, this
length is about the scale of the width of the polymer chain.

The relevant length for the interaction model is the
coherent scattering length (tD/kT)' '. If the diffusion time
can be calculated from the drift mobility (er/m, rr) which is
assumed to be approximately the Hall mobility (0.002
m'/V sec), " then the diffusion constant D(l'/r) is 3 X10
m'/sec, and the coherent scattering length is 1.6&10
m K' 2/T' i. If the area of the filaments is liberally taken to
be 400 A, i, then the coarsely calculated effect is a few orders
of magnitude larger than observed.

In summary, the microstructure of glassy carbon heat
treated below about 2200'C is best described as tightly in-
terwound laths which do not possess sufficient registry to
produce coherent lattice images. This scale is minute
enough to admit the possibility of a one-dimensional correc-
tion to the metallic electrical conductivity having the ob-
served —T ' ' dependence. The nature of the transition to

the semicoherent laths imaged in the transmission electron
microscope has not been fully established.

The implications of this work are that one-dimensional ef-
fects could exist in a bulk network of filaments. Further-
more, such effects may be found in other carbonized poly-
mers processed above the nonmetal-metal transition tem-
perature (about 700'C for glassy carbon) and in carbon
fibers.
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